Surfactant flooding is a common chemical method for enhancing oil recovery. Recently, the simultaneous application of nanoparticles and chemical substances has been considered for improving the efficiency of EOR processes. In the present study, the microscopic and macroscopic efficiency of oil recovery in a linear micromodel in three injection cases of Sodium dodecyl sulfate (SDS) as an anionic surfactant, SiO 2 nanoparticles, and simultaneous injection of nanoparticles and surfactant was investigated. In our study, adding the nanoparticles along with SDS (2000 ppm) decreased Interfacial tension by 84%, while the figure was 74% and only 10% when the surfactant and the nanoparticles were used alone, respectively. Seemingly, although the nanoparticles alone could not reduce IFT values, adding them to surfactant solution could strongly decrease the interfacial tension between oil and water ,leading to enhancement of oil recovery. However, our findings showed that an optimum concentration of nanoparticles in surfactant solution must be used. In this regard, in low concentrations of nanoparticles, they were attached to the interface and IFT decreased due to absorption process. Nevertheless, in high concentrations, nanoparticles removed the surfactant from aqueous phase resulting in no free surfactant available in the bulk. Therefore, surfactant effectiveness in reducing IFT and alteration wettability decreased, and as a consequence, oil recovery efficiency dropped compared to lower nanoparticles' concentrations. Moreover, the results of sessile drop experiments and wettability measurements revealed that coating with either the surfactants or the nanoparticles could partially alter the wettability of surface to water-wet, while coating with the surfactants along with the nanoparticles could make a strongly water-wet surface. Seemingly, investigating the microscopic images of pores and throats showed a strong water-wet condition when the surfactant along with the nanoparticles was used. In addition, the results of flooding tests demonstrated that adding the nanoparticles to surfactant solution could increase the ultimate oil recovery significantly. Moreover, microscopic images confirmed that adding the nanoparticles to the surfactant solution can lead to forming oil-in-water and water-in-oil micro-emulsions due to ultra-low IFT. Obviously, this can result in improving the effectiveness of injection fluid to influence a wider range of porous media.
Introduction
After secondary flooding, more than half of the original oil in place (OOIP) remains in the reservoir due to trapping of oil in the reservoir rock pore spaces (Skauge and Palmgren, 1989) .One of the promising EOR methods is surfactant flooding, where considerable reduction in interfacial tension between oil and water could effectively displace oil from the reservoir. Surfactants are mostly employed to increase the capillary number due to reducing interfacial tension between oil and water (Flaaten et al., 2008; Skauge and Palmgren, 1989) .
Moreover, wettability plays an important role in oil recovery processes and reservoir productivity. It is a major factor controlling the fluid flow and distribution of them in porous media. Although surfactants are mainly known as surface active agents that are able to reduce IFT between oil and water, their minor effect on wettability alteration can also be considered as a contributing factor to enhance oil recovery. In this respect, different mechanisms have been proposed to explain the wettability alteration by surfactants such as coating mechanism, cleaning mechanism and so on (Giraldo et al., 2013) .
On the other side, application of nanotechnology in enhanced oil recovery (EOR) has been increasing in recent years. Nanoparticles have been explored in a remarkable range of applications (Matteo et al., 2012) . They can be extremely active and be used to modify surface properties. In fact, the two features of nanoparticles making them attractive for improving EOR processes are their size and the ability to manipulate liquid phase behavior (Kapusta and Balzano, 2011) . As researchers suggested, it was possible to design nanofluids or "smart fluids" prepared by adding very small amount of nanoparticles to a liquid phase in order to improve some of the fluid properties (Zitha, 2005) . In this regard, using nanosurfactant has recently been gaining more and more attention due to its potentials for ultra-IFT reduction, improving the effectiveness of surfactant for wettability alteration, spontaneous emulsion forming and rheology modification (Bi et al., 2004; Giraldo et al., 2013; Karimi et al., 2012; Mohajeri et al., 2015; Ravera et al., 2006; Suleimanov et al., 2011) .
Considering to their size, nanoparticles have massive specific surface areas and are able to flow through reservoir pore spaces with even very small sizes. A large surface area causes an enhancement in proportion of atoms on particles' surface leading to surface energy enhancement (Zitha, 2005) . Therefore, adsorption of very active substances on a solid surface can substantially alter the surface energy and also the wettability of the system. Hence, some researchers have proposed that the effectiveness of surfactants in wettability alteration can be improved by the addition of nanoparticles (Ju et al., 2002; Karimi et al., 2012; Mohajeri et al., 2015; Onyekonwu and Ogolo, 2010) .
Furthermore, some researchers have noted that in the presence of nanoparticles, not only rheological properties of surfactant solution was changed, but also the effectiveness of surfactant solution on oil recovery process was improved (Mohajeri et al., 2015; Suleimanov et al., 2011) . In this respect, it has been observed that adding the nanoparticles to surfactant solution could improve the effectiveness of surfactant in IFT reduction. The observed reduction in interfacial tension was the result of nanoparticles presence at the interfacial layers. For instance, a study about using two different surfactants of SDS and C12TAB with the addition of ZrO 2 nanoparticles has been carried out and their results revealed that usage of nanoparticles permitted 70 and 81% reduction of IFT when used along with SDS and C12TAB, respectively (Mohajeri et al., 2015) .
However, less studies have been carried out to investigate the effect of nanosurfactant on the pore-scale visualization on wettability alteration, IFT reduction, forming micro-emulsion during nanosurfactant flooding and also in improving macroscopic efficiency of oil recovery.
It is obvious that oil recovery efficiency can be determined by using relative permeability test results; however, due to difficult and costly tests, a limited number of these results are available. Hence, experimental studies at a lower cost and high reproducibility are done which can be a great advantage. In this respect, micromodels are produced with the objective of directly observing fluid flow through porous media. Micromodels contain an etched flow pattern that can be viewed with a microscope or a powerful camera. Many studies have been performed using micro-models (Mohajeri et al., 2015; Sohrabi et al., 2008) .
The transparent materials like glass have been used to construct micromodels and to study various aspects of micro-displacement. By using micromodels, the motion of the fluids can be observed and Investigated in terms of micro-geometry and physical characteristics of the presented fluids (Danesh et al., 1987) . The results from micromodel studies can be utilized to improve our understanding on microscopic and macroscopic behaviors of displacement processes, and perhaps the modeling of the flow mechanism.
Therefore, in the present study, the microscopic and macroscopic efficiency displacement of light oil in micromodel was investigated. An anionic surfactant (namely SDS) alone, nanosilica solutions alone, and surfactant solution containing nanoparticles were used in the injection process. In addition, IFT and wettability measurements for the solutions were carried out.
Materials and methods

Materials
Crude oil
A crude oil from Arvandan oil reservoir, located in the south west of Iran, was used. The properties measured in the ambient temperature is given in Table 1 .
Surfactant
An anionic surfactant (SDS) with the chemical formula of NaC 12 H 25 SO 4 was used. The properties is given in Table 2 .
Nanoparticle
In this study, hydrophilic fumed silica manufacture by Degussa Company was used. The properties of silica nanoparticles is given in Table 3 .
Experimental setup
Micromodel
In this work, the 2D micro model was fabricated based on laser method (Mohammadi et al., 2013) . A schematic of the micromodel pattern after etching on the glass is shown in Fig. 1 and Fig. 2 , respectively. This pattern was prepared based on a thin section pattern of a sandstone rock from one of the Iranian oil reservoir.
To construct the micromodel, first the pattern was etched on a glass plate by using laser technology. Then, a second glass plate was placed over the first one covering the etched pattern and thus creating an enclosed pore space. Then, before sealing the micromodel, inlet and outlet ports were drilled. Unlike the common procedure in literature in which inlet and outlet ports lied on the surface of the micromodel, ours were designed in the two sides of micromodel using a drilling glass bit. Our experience shows this method can allow us to inject fluids with the least possibility of leakage. Eventually, the plates were placed into an oven. The heating process started from ambient temperature and gradually increased to 724 C, and then the oven was allowed to be cooled down slowly. This heating process, known as fusing process, was done to make sure that the micromodel was completely sealed.
Properties of the constructed micromodel is given in Table 4 . An experimental setup was designed to perform visualization during experiments including a camera (Canon 5D) connected to computer, LED panel light,which was put below the micromodel, and a high pressure-low rate syringe pump (Nexus 6000, Chemyx) controlling precisely the flow rate of fluids through the micromodel. A schematic of experimental setup is shown in Fig. 3 . Moreover, the actual photograph consisting the main components of the micromodel setup is shown in Fig. 4 . 
IFT and wettability measurement
To measure contact angles in different conditions of wettability, the sessile drop method was used. Measuring contact angle of a surface is one of the methods to evaluate wettability of a surface to examine the effect of different solutions on contact angle of the glass surface. Therefore, eight glass plates with flat surfaces (4 cm*4 cm*4 mm) were used to measure contact angles. Before measurements, all of the plates were made oil-wet. To get the best results from contact angle measurements, six points were selected on the surface of the glass. A high quality picture was taken for each of the six points in every experiment. Then, contact angles were measured by GIMP software and finally mean values were calculated. A schematic of contact angle measurement in sessile drop method and our designed apparatus are shown in Fig. 5 and Fig. 6 .
Moreover, interfacial tension values were measured by Profile Analysis Tensiometer (PAT1M) of Sinterface Company. Pendant drop method, that is based on the Laplace equation was selected for our study.
Solution preparation
To disperse surfactant in different concentrations, a simple stirrer was used. Furthermore, an ultrasonic set (Wiseclean, WUC-D10H) was used to disperse nanoparticles and nanosurfactant solutions in distilled water (40 KHz, 200 watt) for 1 h.
Experimental procedure
Before starting each experiment, the micromodel was cleaned with toluene using Eldex pump and then vacuumed by a vacuum pump to remove any remaining liquids from the micromodel. The model was initially saturated with oil and then solutions were injected with a fixed rate of 0.0008 cm 3 /min simulating fluid flow velocity in the underground oil reservoirs. This should be mentioned that the saturation process was performed in the lack of initial formation brine meaning that the whole micromodel was only saturated with oil and no formation brine was initially present in the micromodel. Furthermore, the micromodel was positioned horizontally .During injection processes, fluid saturations were monitored by taking high quality pictures which could be analyzed by pixel analysis of image processing in MATLAB software. In this method, taken images were automatically made in gray-scale and then binary mode. In binary mode, there were two portions of white and black representing grains and pores, respectively. Therefore, porosity could be simply determined by dividing the portions of black into white. Moreover, in binary mode, when fluid solutions were injected into micromodel with no particular color, swept pores were also seen in white. Hence, fluid saturations could be determined at any desired time frames (t) with the following formula:
Oil Recovery (t) ¼ Initial black Portions e black portions after any fluid injection (t)
Finally, by investigating microscopic pictures taken after each flooding test, any potential changes in pore scale were investigated.
Procedure to create oil-wet surface
The following procedure was used to make the micromodel oilwet (Romero-Zeron, 2005):
* Micromodel was flushed thoroughly with sodium hydroxide for 1 h * Micromodel was rinsed thoroughly with distilled water to remove all residues, and then dried using an oven set on 200 C for at least 15 min, * Micromodel was saturated with the solution of 2% Tri Chloro Methyl Silane (TCMS) in dehydrate toluene for at least 5 min (this solution should be prepared fresh daily), * Micromodel was rinsed with methanol to remove excess siliconizing fluid, * Micromodel was dried using an oven set on 100 C for 1 h to cure the silicone coating. This process was repeated after any flooding in which wettability could be potentially altered.
Fluid injection scenarios
First, distilled water flooding was injected into the micromodel as base test. Using pixel analysis, recovery efficiency was measured in terms of pore volumes of injected fluid. At the end of first flooding test, the micromodel was cleaned up and then dried out as explained earlier. Before going to the next test, the micromodel was saturated again with oil and then the second test was conducted with surfactant solution (Concentration of 1000 ppm). All steps in the first test were repeated and oil recovery was calculated. The second flooding test was repeated for different concentrations of 2000 and 3000 ppm. Then, the test was conducted with the nanoparticle solution (SiO 2 ). It should be mentioned that to prepare SiO 2 solutions, different quantities of SiO 2 Nanoparticles were dispersed in distilled water by the means of ultrasonic for 1 h. Three concentrations of 200, 500 and 1000 ppm of nanoparticles in aqueous solutions were used. After preparation of the samples, for assurance of the homogeneity and stability of prepared solutions, the solutions were placed for 10 days in a closed transparent bottle. Following this, Nanosilica solutions were re-examined and no precipitation and agglomerations were detected. Furthermore, the TEM (transmission electron microscope) image of SiO 2 nanoparticles dispersed in distilled water, as a representation of the other dispersions, confirmed a good degree of nanoparticles dispersion in solution (Fig. 7) .
Finally, the test was conducted with nanosurfactant solution prepared by dispersing SiO 2 nanoparticles in the surfactants at the concentrations of 200 and 1000 ppm of nanoparticles in two different concentrations of 1000 and 2000 ppm of surfactant. All steps in the first test were repeated and then oil recovery was calculated for each test.
In Table 5 , fluids used in different scenarios are shown.
Results and discussions
Effects of nanoparticles on IFT reduction
One of the most important roles of the surfactant is to lower the interfacial tension (Karimi et al., 2012) . In this respect, some researchers investigated about the effects of nanoparticles on IFT reduction on surfactant solutions (Bi et al., 2004; Karimi et al., 2012; Mohajeri et al., 2015; Suleimanov et al., 2011; Ravera et al., 2006) . It has been noted that the presence of nanoparticles increased the effectiveness of surfactant solution on oil recovery processes. Accordingly, it could change the interfacial tension value of surfactant/oil more effectively leading to ultra-reduction ininterfacial tension.
Hence, in the present study, the interfacial tensions values were measured for different solutions. All reported interfacial tension values were measured by Profile Analysis Tensiometer PAT1M of Table 6 .
Obviously, surfactant SDS with a concentration of 2000 ppm decreased IFT by 74%. Furthermore, when nanoparticles with concentration of 200 ppm was added to surfactant solution of 2000 ppm, IFT decreased by about 84%, showing 10% enhancement in reducing IFT compared to surfactant solution alone. However, nanosilica solution alone showed an IFT value of 18.89 (dyne/cm) which was only 9% reduction compared to distilled water. Although the nanoparticles alone could not reduce IFT values significantly, adding them to surfactant solution could strongly decrease the interfacial tension of oil and water resulting in oil recovery enhancement.
In other words, nanoparticles can form a mixed layer with surfactants at the interface between the injected fluid and oil. This results in increasing the interface and consequently making a considerable contribution to reducing IFT. This means that capillary forces considerably decrease and therefore capillary number increases (Rosen et al., 2005) . In fact, nanoparticles along with surfactant help each other and form emulsion to remain stable. The presence of suspended nanoparticles in the solution increases sedimentation stability, as a result of counterbalance between surface forces and gravity.
In addition, it is obvious that surfactants contribute to the stability of nanoparticles and emulsions to decrease IFT (Suleimanov et al., 2011; Qiu, 2010) . In fact, nanoparticles can enhance the ability of any injected fluids due to their easy access into the oil/ injected fluid interface (Amanullah and Al-Tahini, 2009 ).
Effects of nanoparticles on wettability alteration
Wettability plays an important role in oil recovery processes and reservoir productivity. It is one of the main factors controlling the fluid flow and fluids distribution in porous media. Although surfactants are mainly known as surface active agents that are able to reduce IFT between oil and water, their minor effect on wettability alteration can also be considered as a contributing factor to enhance oil recovery (Cheraghian and Hendraningrat, 2016a) .
Some researchers suggested that presence of nanoparticles in surfactant solution could improve the effectiveness of surfactant to alter the wettability (Bi et al., 2004; Giraldo et al., 2013; Karimi et al., 2012; Mohajeri et al., 2015) . For example, it has been noted that despite that ZrO 2 nanoparticle and surfactant solutions alone were just able to partially change the wettability, presence of nanoparticles in the both anionic and cationic surfactants of SDS and CTAB could strongly alter the wettability from oil wet to water wet (Mohajeri et al., 2015) .
As mentioned earlier, to measure the contact angle with different solutions, the sessile drop method was used. Measuring contact angle of a surface is one of the methods to determine wettability of a surface to evaluate the effect of silica nanoparticles on contact angle of the glass surface. Hence, 8 glass plates were selected and were made oil-wet. Next, they were coated in different solutions for 8 h and then contact angle measurement was conducted. To get the best results from contact angle measurements, six points were selected on the surface of the glass. Measurements were performed for each of the six points and then the mean values were calculated. The results are shown in Table 7 . The oil drops in different glass plates coated with different solutions are also shown in Fig. 8 .
The results of contact angle measurements showed that the oil- wet procedure, could make an oil-wet surface with an angle of about 100 , while coating with both surfactants alone and nanoparticle solutions in different concentrations could partially alter the wettability of surface to water-wet. In this respect, the highest amounts of reduction were 24% and 23% for surfactant and nanosilica solutions, respectively. In addition, coating with surfactant along with nanoparticles could make a strong water-wet surface. Moreover, by adding SiO 2 nanoparticles to surfactant solutions, the value of contact angle decreased to about 71%.
Microscopic and macroscopic investigation
3.3.1. Macroscopic displacement Several images were taken to investigate the macroscopic oil displacement during water flooding, surfactant, nanoparticles and nanosurfactant solutions flooding in different concentrations.
First experiment was carried out with water flooding. As shown in Fig. 9 , as a result of high capillary pressure in pores and throats, water moved in a path with lowest capillary pressure and made its way through the quickest way to the production point (Green and Willhite, 1998) . Hence, most of the pores remained unaffected resulting in a low recovery factor.
As shown in Fig. 10 , surfactant solution could easily enter the pore spaces and sweep the oil. This is due to the ability of surfactant to reduce IFT leading to lower capillary pressure in the system. Therefore, surfactants as a result of lowering the interfacial tension are able to enter more pore spaces and be distributed in a wider range of porous media. In addition, it is obvious that the frontier of the injected fluid moves much more stable when surfactant is used (Green and Willhite, 1998) .
Furthermore, as shown in Fig. 11 for nanosilica solution flooding, the movement of frontier was more stable than water flooding, but obviously not as stable as the surfactant flooding. As a result of very high specific surface and very small size of nanoparticles, they can be widely distributed in porous media to influence a wider range of it and consequently enhance the oil recovery (Cheraghian and Hendraningrat, 2016b; Mohajeri et al., 2015) . However, it should be mentioned that this enhancement was not as high as when either surfactant alone or along with nanoparticles were injected.
Compared to using surfactant alone or nanosilica solution, oil displacement efficiency increased in nanosurfactant flooding. As discussed earlier, this can be due to ultra reduction of IFT and strong alteration of wettability from oil-wet to water-wet. Accordingly, as shown in Fig. 12 , nanosurfactant solution could be widely distributed and influence most pore spaces and recover a high amount of oil in place.
Microscopic displacement
By using a macro-lens connected to camera, high-resolution images of residual oil in the scale of pores were taken after each of the flooding tests. As shown in Fig. 13 taken after water flooding, the walls were covered in a layer of oil seen in brown color.
As shown in Fig. 14 and Fig. 15 , after aqueous surfactant and nanosilica flooding, the wettability of porous media partially altered to water-wet. Although the surfactant solution could not strongly alter wettability, the thickness of the oil layer attached to the walls decreased. Hence, the residual oil saturation after surfactant and nanosilica solution flooding was lower than water flooding.
Eventually, the ability of silica nanoparticles along with surfactant to alter the wettability can be seen in Fig. 16 . The flow of nanosurfactant in pore space could release oil attached to the pore walls and throats, and therefore enhance the oil recovery. Such a behavior can be as a result of adsorption of silica nanoparticles onto surface and also their ability of wettability alteration. In this respect, it has been noted that the hydrophilic nature of the SiO 2 nanoparticles cause a wettability alteration of the micromodel (Maghzi et al., 2012) .
Effects of nanoparticles in forming micro-emulsion
Using surfactants and particularly nanosurfactants can 
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significantly reduce the IFT between oil and injection fluid. If the reduction is high enough, micro-emulsion of injection fluid dispersed in oil or vice versa is formed. Unlike to ordinary emulsions, micro-emulsions are formed upon simple mixing of the components and high shear condition is not required (Rosano and Clausse, 1987) .
In water/oil micro-emulsion, micro droplets of injection fluid are dispersed in oil phase over the time. Then, these micro droplets join together and form bigger droplets. Eventually, a continuous phase is formed which is able to move and influence a wider range of porous media to recover more oil. Oil viscosity is also reduced leading to better mobility ratio (Humphry et al., 2013) . As shown in Fig. 17 , after flooding, micro droplets of nanosurfactant solution entered the oil phase and in some parts bigger droplets were formed.
On the other side, when IFT is highly reduced, some of residual oil attached to walls are de-attached by the injection fluid. Then, micro droplets of oil move thorough the injection fluid and join together over the time. Accordingly, oil threads are formed resulting in not only decreasing the residual oil saturation, but also improvement of mobility ratio due to enhancement of injection fluid's viscosity (Humphry et al., 2013) .
As it is obvious from Fig. 18 , oil droplets entered in injection fluid and oil/water micro-emulsion was formed helping to recover more oil.
3.5. Oil recovery studies 3.5.1. Aqueous surfactant flooding There are two major effects of surfactant solutions which leads to enhancing oil recovery; IFT reduction between fluids present in the system and alteration of wettability. Surfactants, depending on porous media properties and substances which they are in contact with, may alter the wettability (Schramm, 2000) . However, in our study, the wettability did not strongly alter and only the thickness of the oil layer attached to pores and throats was reduced.
In this study, SDS as an anionic surfactant was used. In this part, the effect of SDS flooding at different concentrations was investigated. As shown in Fig. 19 , the injection of SDS at a concentration of 1000 ppm led to 55% of oil recovery, showing 25% increase compared to water flooding with only 30% recovery. When the concentration of SDS increased to 2000 ppm and 3000 ppm, higher oil recovery of 65% and 69% experienced, respectively. This enhancement can be justified as a result of higher IFT reduction in the system. Nevertheless, as it is obvious, there was no substantial difference in oil recovery when SDS of 2000 ppm and 3000 ppm were used. This is probably due to the CMC number of SDS (2420 ppm) meaning that higher concentrations of CMC have a slight or sometimes negative effect on enhancing oil recovery.
Aqueous nanosilica solution flooding
The results of oil recovery during nanosilica flooding are shown in Fig. 20 . Obviously, the ultimate oil recovery demonstrated an enhancement of 5% compared to distilled water when nanosilica solution of 100 ppm was injected. The figure grew to 16% and 24% when 500 ppm and 1000 ppm of nanosilica solution were used. These growth may be justified as a result of nanofluids spreading on the surface leading to wettability alteration (Cheraghian and Hendraningrat, 2016a; Ju et al., 2002) . In this respect, a study showed that using silica nanoparticles can significantly alter the wettability of the glass surface as a result of its hydrophilic nature and adsorption onto glass surface (Maghzi et al., 2012) .
3.5.3. Aqueous surfactant solutions containing SiO 2 nanoparticles flooding Nanoparticles along with surfactants can release the trapped oil in pores and throats and consequently enhance the oil recovery. This is mainly as a result of ultra-IFT reduction in the system and also wettability alteration of porous media (Bi et al., 2004; Karimi et al., 2012; Mohajeri et al., 2015; Ravera et al., 2006; Suleimanov et al., 2011) .
As mentioned earlier, nanoparticles form a mixed layer with surfactants at the interface of injected fluid and oil. This leads to increase of the interface which can have a significant effect on ultra-IFT reduction. In other words, capillary forces considerably decrease and therefore capillary number will increase (Rosen et al., 2005) . In addition, it has been noted that using nanoparticles along with surfactants led to wettability alteration as a result of nanoparticle presence at the interfacial layers (Mohajeri et al., 2015) .
In our study, as shown in Fig. 21 , the presence of silica nanoparticles in surfactant resulted in enhancing of the recovery factor of 43% and 13%, compared to when nanosilica and surfactant solutions were used alone, respectively. This can be concluded that the effectiveness of the surfactant as wettability modifier and IFT reducer could be improved by adding SiO 2 nanoparticles. M. Mohajeri et al. / Petroleum Research xxx (xxxx) xxx 9 3.5.4. Overall results of oil recovery Overall, as shown in Fig. 22 , flooding of the distilled water showed nearly 30% of oil recovery after two pore volume injection. In addition, in the best case scenario, the figure experienced a dramatic increase of 35% when SDS with a concentration of 2000 ppm was used. In this respect, it can be concluded that SDS could improve oil recovery by ultra IFT reduction and also partial wettability alteration. Although using nanosilica solution could considerably improve the recovery factor by about 23% compared to distilled water, it showed less increase than the surfactant.
In addition, a significant recovery factor of 78% was hit when nanosurfactant was injected into the micromodel. This was an enhancement of 48%, 25% and 13% than distilled water, nanosilica solution and surfactant solution alone, respectively. This enhancement can be related to the ability of nanoparticles to reduce the IFT, alter the wettability and help to spontaneous emulsion formation. In fact, the observed reduction in interfacial tension and wettability alteration are the results of nanoparticles presence at the interfacial layers.
Effect of silica concentration on nanosurfactant solution
In this part, two concentrations of silica nanoparticles at 200 ppm and 1000 ppm, along with two concentration of surfactant at 1000 ppm and 2000 ppm were used. As shown in Fig. 23 , three different intervals may be considered. In the first interval taking place before breakthrough, both curves overlapped each other and indicated nearly an equal amount of recovery. In the middle interval, the curve with higher concentration of nanosilica (SDS2000N1000) surpassed the one with lower concentration. This means that higher concentration of nanosilica along with same concentration of surfactant could lead to higher oil recovery. However, in the last interval, a reverse trend was seen and the ultimate oil recovery of silica solution with 200 ppm was higher than the one with higher concentration of 1000 ppm.
As mentioned earlier, nanoparticles can form a mixed layer with surfactant at the interfacial layers resulting in enhancing the interface and consequently making a considerable improvement of surfactant effectiveness in reducing IFT and alteration of wettability. This can justify of what happened at early times of nanosurfactant solution in our study. Nevertheless, as time passed, the more volume of solution could enter into the porous media. Therefore, surfactant molecules were replaced by nanoparticles at the interface of oil and nanosurfactant solution due to the high concentration of nanoparticles and also their small size and higher velocity compared to surfactant molecules (Cheraghian and Hendraningrat, 2016b) . In this regard, in a research (Ravera et al., 2006) has been showed that in low concentrations of nanoparticles, they are attached to the liquid surface and due to absorption process, surface tension decreases. However, in high concentrations, the nanoparticles nearly remove the surfactant from the bulk aqueous phase leading to no free surfactant available in the bulk. Thus, for nanoparticles in low concentrations, the interfacial tension of the dispersion is determined by a mixed layer of attached nanoparticles and surfactant adsorbed at the liquid interface. Consequently, it can be concluded that concentration of nanoparticles in surfactant solution must be chosen in an optimum amount and any high concentration of nanoparticles could not necessarily lead to higher recovery factor and in some cases it might make an adverse effect on it.
To validate the results, the experiment was repeated with the surfactant concentration of 1000 ppm. As shown in Fig. 24 , the same behavior was seen. However, it needs to be mentioned that at the end point, the ultimate recovery for SDS1000N200 was 9% higher than SDS1000N1000. This is while the figure was only 6% when SDS2000N200 and SDS2000N1000 were used.
This can be concluded that as the higher concentration of surfactant (more powerful surfactant) is used, the adverse impact of very high concentration of nanoparticles on ultimate oil recovery can be reduced.
3.5.6. Side-way trend in high concentration of nanoparticles As seen from Figs. 23 and 24, after breakthrough, the curve came to very slight slope and in spite of increasing of injected pore volume, recovery factor stayed unchanged. It seems that as the nanoparticles concentration increased in the solution, this behavior was more significant. For instance, as shown in Fig. 24 , SDS1000N1000 experienced nearly a zero-slope and showed no increase in recovery factor in the interval of 0.6e0.9 of injected pore volume. However, such a behavior was not that significant for lower concentration of nanoparticles.
This behavior may be justified as a result of nanoparticles agglomeration .In fact, when the nanoparticles concentration is high and therefore the surfactant is not able to keep the nanoparticles stable in the solution, they adhere to each other resulting in blockage of pore spaces and throats (Ravera et al., 2006) . This leads to permeability reduction and therefore injected fluids will not be able to distribute effectively in the porous media anymore. However, after a while, the trend can come back to the normal behavior when the volume of injected fluid increases and due to pressure raise, agglomerated nanoparticles are de-attached.
Conclusion
(1) As a result of nanoparticles presence at the interfacial layers, interfacial tension is strongly reduced resulting in improvement of surfactants effectiveness on reducing IFT. Nanosurfactant solution could reduces IFT by a value of 71% when SDS2000N2000 was used. (2) Investigation on microscopic images and contact angle measurements showed that after flooding of surfactant alone and nanosilica solution, wettability partially changed toward water-wet condition. Furthermore, by adding the nanoparticles to surfactant solution, wettability of pore media altered strongly from oil-wet to water-wet. This means that the presence of SiO 2 nanoparticles could improve the surfactant effectiveness on wettability alteration. (3) The presence of the nanoparticles in surfactant solution could increase the oil recovery significantly. Hence, the recovery factors of 54% and 65% were hit by nanosilica solution and surfactant solution alone, respectively. However, by adding the nanoparticles into surfactant solution, the figure experienced a dramatic increase of 78% of ultimate recovery factor. (4) Due to ultra-IFT reduction, the presence of SiO 2 nanopareticles in surfactant led to forming oil/water and water/oil micro-emulsions. Micro-emulsions can make a considerable contribution into enhancing the oil recovery. (5) In low concentrations of nanoparticles, they were attached to the interface and IFT decreased due to absorption process. Nevertheless, in high concentrations, the nanoparticles nearly removed the surfactant from aqueous phase resulting in no free surfactant available in the bulk. Therefore, surfactant effectiveness in reducing IFT and alteration wettability reduced and consequently oil recovery efficiency decreased.
